Objective: The study evaluates the economic benefit of population-wide vitamin D and Ca food fortification in Germany. Design: Based on a spreadsheet model, we compared the cost of a population-wide vitamin D and Ca food-fortification programme with the potential cost savings from prevented fractures in the German female population aged 65 years and older. Setting: The annual burden of disease and the intervention cost were assessed for two scenarios: (i) no food fortification; and (ii) voluntary food fortification with 20 µg (800 IU) of cholecalciferol (vitamin D 3 ) and 200 mg of Ca. The analysis considered six types of fractures: hip, clinical vertebral, humerus, wrist, other femur and pelvis. Subjects: Subgroups of the German population defined by age and sex. Results: The implementation of a vitamin D and Ca food-fortification programme in Germany would lead to annual net cost savings of €315 million and prevention of 36 705 fractures in the target population. Conclusions: Vitamin D and Ca food fortification is an economically beneficial preventive health strategy that has the potential to reduce the future health burden of osteoporotic fractures in Germany. The implementation of a vitamin D and Ca food-fortification programme should be a high priority for German health policy makers because it offers substantial cost-saving potential for the German health and social care systems.
The economic burden of osteoporotic fractures is already large and is likely to increase sharply over the next several decades, especially in developed countries with ageing populations (1, 2) . Besides these financial implications, osteoporotic fractures also have serious consequences in terms of increased morbidity and mortality and thus have a major impact on patients' quality of life (3) (4) (5) . Osteoporotic fractures are a major health concern that poses a serious financial burden on public health systems, which makes their prevention a central objective for health-care professionals and health policy makers alike.
The risk to suffer from osteoporotic fractures is influenced by serum vitamin D and Ca levels, which are crucial for musculoskeletal health (6) . Vitamin D deficiency may lead to osteomalacia, osteoporosis and an increased risk of falls, which in combination contribute to an increased fracture risk (7) . Many countries, including Germany, are facing endemic vitamin D deficiency, especially among their elderly populations (8, 9) . Numerous studies have shown that up to 75 % of the German population has serum 25-hydroxyvitamin D concentration below 20 ng/ml and up to 65 % of Germany's elderly have Ca intake below the recommended reference value (1000 mg/d) (10) (11) (12) . Increasing a population's vitamin D and Ca to adequate levels has the demonstrated ability to reduce the incidence of osteoporotic fractures (13) . This approach could be a preventive measure to reduce the future health burden of osteoporotic fractures in Germany.
Any of several strategies to increase a population's vitamin D and Ca levels could be considered, although food fortification is one of the strategies that has already been applied in countries like the USA, the UK and Finland (14) (15) (16) . † Studies show that food fortification can be effective in improving a population's vitamin D status (17) . While this strategy is still generally prohibited in Germany (18, 19) , recent changes in European legislation have opened the window to vitamin D food fortification in Germany and have initiated a debate among German health policy makers about population-wide implementation (20, 21) . In addition to the medical efficacy, the economic benefit is a crucial aspect in the evaluation of preventive health strategies, especially in the context of limited health resources. Relatively few studies have investigated the economic benefit of universal vitamin D and Ca supplementation aimed at preventing osteoporotic fractures (22) (23) (24) (25) . However, to our knowledge, no study has analysed the economic benefit of vitamin D and Ca food fortification as a strategy for primary prevention of osteoporotic fractures in Germany. Therefore the objective of our study was to assess the cost-saving potential of population-wide vitamin D and Ca food fortification based on prevented hip, vertebral and non-vertebral fractures in women aged 65 years and older in Germany. The results of our study will be valuable to health policy makers, who can use the insights gained to evaluate and select an appropriate strategy with which to reduce the future health burden of osteoporotic fractures in Germany. Our study's approach may also serve as a blueprint for similar evaluations in other countries.
Methods

Analytical framework
Our model-based study evaluates the economic benefit of population-wide vitamin D and Ca food fortification in Germany by comparing the cost of implementing such a programme with the potential cost savings from prevented hip, vertebral and non-vertebral fractures in the female population aged 65 years and older. We assessed two scenarios: (i) no national food-fortification programme, which is the present situation in Germany; and (ii) a voluntary vitamin D and Ca food-fortification programme.
While the base year of our analysis was 2014, we expanded our analysis with projections for the years 2025 and 2050 in order to evaluate the influence of demographic changes on the advantages of the strategy. These projections were based on population distribution simulations among various age groups provided by the German Federal Statistical Office (26) . We used a spreadsheet-based model for our analysis that was implemented using Microsoft ® Office Excel 2007. A detailed description of the components of our model, the key assumptions and the model data is provided below. The currency used is Euros (€).
Intervention target
Observation focus
The incidence of osteoporotic fractures increases significantly in elderly people of both sexes, which makes it a typical age-related disease (27) . Based on recent estimates, up to 67 % of these fractures occur in women (1) . This makes osteoporotic fractures one of the most likely negative health events for postmenopausal women, which is reflected in a lifetime risk of 40-50 % (28, 29) . Osteoporosis leads to various types of osteoporotic fracture, with hip, clinical vertebral and humerus fractures accounting for the majority (2) . To derive a full estimate of the cost benefit of vitamin D and Ca food fortification, we sought to capture a comprehensive picture of the economic burden of osteoporotic fractures in Germany by including not only hip, clinical vertebral and humerus fractures but also wrist, other femur and pelvis fractures in women aged 65 years and older.
Epidemiological data
Our model used fracture-specific and age-dependent fracture probabilities for the German female general population ( Table 1 ). The fracture probabilities were calculated in two steps based on the approach of Bleibler et al. (29) . In the first step, German population data (26) and hospital discharge data (30) were used to calculate fracture probabilities based on in-patient fracture cases. In the second step, the fracture probabilities obtained were adjusted by age-independent hospitalization probabilities for all fracture types considered in order to incorporate all out-patient fractures in the total fracture probability (29) . Studies have shown that a person's fracture risk differs by residential status (nursing home v. communitydwelling) (31, 32) . To incorporate this effect in our model and obtain relative fracture risks for women who live in a nursing home v. those who do not, we adjusted the female general population's fracture probabilities following the approach of Bleibler et al. (29) . Fractures often have severe consequences, especially for patients in higher age groups, such as a persistent reduction in mobility and functional ability, which increase patients' probability to be institutionalized in a nursing home (33, 34) . To model a fracture-related transition into a nursing home, we used the age-and fracture-specific probabilities of admission to a nursing home estimated by Bleibler et al. (29) , assuming that the time in a nursing home attributable to the fracture is 1 year. Published research from Bleibler et al. provides additional details on the model input data and their calculation (29) .
Cost of fractures
We adopted a societal perspective for our analysis of fracture-related costs in Germany. However, we did not consider indirect costs because the target group is not of working age and productivity loss is unlikely to be incurred. The base year of our cost evaluation was 2014, and all costs were adjusted for inflation using the harmonized index of consumer prices (HICP) for Germany (35) . We distinguished four cost categories in our analysis of fracture-specific direct unit costs: (i) in-patient costs for patients who required hospitalization included the cost of hospital treatment, out-patient aftercare and rehabilitation after hospitalization; (ii) out-patient costs for patients who required no hospitalization and were treated exclusively in an out-patient setting included costs for medication and out-patient visits to surgeons, physicians and physiotherapy; (iii) home care costs included costs for professional home care and informal home care by the patient's relatives; and (iv) long-term care costs for patients who required institutionalization in a nursing home. An overview of the fracture-specific direct unit costs for female patients is presented in Table 2 . Published research from Bleibler et al. contains additional details on the calculations and references (29) .
Intervention characteristics
Intervention strategy
We analysed voluntary cholecalciferol (vitamin D 3 ) and Ca food fortification of bread as an intervention strategy to reduce the incidence of osteoporotic fractures. Food fortification is an effective measure with which to increase the micronutrient supply on a population-wide basis and minimize the prevalence of deficiencies (36) . This strategy is especially practical if the deficiency is widespread across a population, which is the case with vitamin D in Germany (37) . Another benefit of this regulatory approach is that it does not require an active change in consumers' behaviour or food habits (38) . We focused on a voluntary food-fortification programme for two reasons. First, German health policy makers have preferred regulatory interventions that have a voluntary character in comparable cases, such as the fortification of salt with iodine (39) . Second, a recent publication by Sandmann et al. showed that the large majority of Germans would be willing to consume vitamin D-fortified products, so mandatory intervention seems unnecessary; we used an adherence level of 82 % for the base case, as determined in the same study (40) . The fortification levels in the base case were set to meet a daily additional intake from fortified food of 20 µg (800 IU) of cholecalciferol and 200 mg of Ca. According to the German Osteology governing body's (DVO) guidelines, an additional daily intake of 20 µg (800 IU) of cholecalciferol ensures an adequate serum vitamin D level (41) , which reduces the risk of osteoporotic fractures (13) . The intended risk reduction also requires a sufficient Ca supply in the target population. However, such is not a given in the German female population aged 65 years and older. According to the 2008 National Nutritional Survey, 65 % of elderly women are undersupplied with Ca (12) . An additional daily intake of 200 mg of Ca would compensate for this undersupply, so that the target population meets a total daily Ca intake of 1000 mg as recommended by the DVO, while no other age group exceeds the tolerable upper intake level (UL) of 2500 mg of Ca/d (41) (42) (43) . Following the recommendation from Brown et al., we selected bread as a suitable carrier for vitamin D and Ca fortification in the German scenario (44) , especially as bread shows a homogeneous consumption across the German population and there is no decline in consumption in the elderly population (12) . Several studies have confirmed that the fortification of bread is a feasible and practical way to 0·0003  0·0032  0·0062  0·0027  0·0007  70-74  0·0033  0·0005  0·0046  0·0068  0·0036  0·0013  75-79  0·0077  0·0010  0·0075  0·0087  0·0053  0·0029  80-84  0·0161  0·0016  0·0113  0·0097  0·0072  0·0054  85-89  0·0279  0·0026  0·0138  0·0092  0·0087  0·0089  90-94  0·0363  0·0032  0·0134  0·0074  0·0086  0·0117  ≥95  0·0396  0·0038  0·0105  0·0053  0·0080  0·0112 improve vitamin D and Ca intakes (45) (46) (47) (48) . Germans consume an average of 180 g of bread daily (12) , so to achieve an additional daily intake of 20 µg (800 IU) of cholecalciferol and 200 mg of Ca, 100 g of bread would have to be fortified with 11·1 µg (444 IU) of cholecalciferol (1·8 × 11·1 (444) = 20 (800)) and 111 mg of Ca (1·8 × 111 = 200). Bread fortification is carried out during the flour production process by adding the chemical compounds cholecalciferol and Ca. However, because of losses of cholecalciferol (−41 %) and Ca (−10 %) that occur during the flour and bread production processes and storage time, initial fortification levels must be higher than the desired target concentrations in bread (49) . The calculations of the initially required amounts of cholecalciferol and Ca are shown in Table 3 , which shows that 18·65 µg (746 IU) of cholecalciferol and 123 mg of Ca are required to achieve the target concentration of 11·1 µg (444 IU) of cholecalciferol and 111 mg of Ca per 100 g of bread.
Treatment effect
Increasing a person's serum vitamin D and Ca to adequate levels helps to prevent bone loss and significantly reduces the risk of osteoporotic fractures, especially in high-risk groups like those over 65 years of age (13) . The reduction in the risk of fracture that we used in our study was obtained from a Cochrane review from Avenell et al. (13) . The risk reduction figures by fracture type and residential status are shown in Table 4 .
Intervention cost
Food-fortification programmes have four general cost categories: (i) recurrent production costs for the ingredients cholecalciferol and Ca; (ii) marketing and education costs for public education and social marketing to raise consumer awareness and ensure their acceptance (40) ; (iii) food control and monitoring costs for the government's regulatory responsibilities, such as quality assurance, monitoring, legislation and enforcement of fortification regulations; and (iv) other programme-specific recurrent production costs like the cost of capital (50) . According to Fiedler et al., the costs of a typical food-fortification programme are distributed as 80 % recurrent production costs, 8 % marketing and education costs, 7 % food control and monitoring costs, and 5 % other programme-specific recurrent production costs (50) . The annual costs for cholecalciferol (€0·11 per person at 20 µg (800 IU)/d) and Ca (€0·22 per person at 200 mg Ca/d) were obtained from leading industry suppliers, and all other programme-related costs were estimated based on the cost distribution from Fiedler et al. (50) . As German households throw away about 16 % of the bread they buy (51) , we accounted for food waste in our calculations of the annual amount of cholecalciferol and Ca required. We also accounted for the losses of cholecalciferol (−41 %) and Ca (−10 %) that occur during the flour and bread production processes and storage time in our calculations of the amount of cholecalciferol and Ca required each year.
Sensitivity analysis
We conducted seventeen deterministic univariate sensitivity analyses (S1-S17) to assess the impact of singleparameter variations on the benefit-cost ratio (comparison of cost savings v. intervention cost) of vitamin D and Ca food fortification: (S1) cost of cholecalciferol and Ca decreased by −50 %; (S2) cost of cholecalciferol and Ca increased by 100 %; (S3) cholecalciferol fortification level decreased to 12·5 µg (500 IU) daily intake per person; (S4) cholecalciferol fortification level increased to 50 µg (2000 IU) daily intake per person; (S5) Ca fortification level decreased to 0 mg daily intake per person; (S6) Ca fortification level increased to 1000 mg daily intake per person; (S7) all fortification programme-related costs except the recurrent production costs decreased by −50 %; (S8) all fortification programme-related costs except the recurrent production costs increased by 100 %; (S9) all input fracture probabilities decreased by −30 %; (S10) all input fracture probabilities increased by 30 %; (S11) the time in a nursing home attributable to the fracture decreased to 0·5 years; (S12) the time in a nursing home attributable to the fracture increased to 2·0 years; (S13) the lower relative risk value of the 95 % CI applied to model the treatment effect; (S14) the upper relative risk value of the 95 % CI applied to model the treatment effect; (S15) the same treatment effect assumed for men aged 65 years and older as for women aged 65 years and older; (S16) adherence level decreased to 50 %; and (S17) adherence level increased to 100 %. We assumed that the parameter variations in (S3-S7) affect only the cost of intervention and not the treatment effect.
Results
Base case
The results of the base case analysis are presented in Table 5 . The total costs of the vitamin D and Ca foodfortification programme amounted to €41 million per year: €33·1 million for cholecalciferol and Ca, €3·3 million for marketing and education activities, €2·9 million for food control and monitoring, and €2·1 million for other programme-specific recurrent production costs. On the other hand, €356 million in the cost of fractures were saved per year. The largest cost savings (43 % of the total cost savings) came from prevented hip fractures, with savings of €152·5 million, while the other cost savings came from averted fractures of the humerus (€61·8 million, 17 %), clinical vertebral (€46·4 million, 13 %), pelvis (€39·2 million, 11 %), wrist (€34·4 million, 10 %) and other femur (€21·9 million, 6 %). The intervention would have an annual net savings potential of €315 million, so the estimated benefit-cost ratio of a vitamin D and Ca food-fortification programme for Germany was 9:1. Our model estimated that the fortification programme would prevent 36 705 fractures in the target population per year.
Projections
Our projections for the years 2025 and 2050 showed that the annual net savings from a vitamin D and Ca foodfortification programme in Germany would increase in the future. The annual net savings were expected to increase by €17 million to €332 million by the year 2025 and to increase by €63 million to €378 million by the year 2050. This increase was based on two effects. On the one hand, the gross savings potential increased because of the ageing of the German population that led to an increase of the female population aged 65 years and older who benefit from the intervention. On the other hand, the intervention costs declined because of a shrinking overall population.
Sensitivity analysis
The results of the deterministic sensitivity analyses are shown in Fig. 1 as the percentage difference between the annual net savings from the base case analysis and each univariate sensitivity analysis. The largest change in annual net savings occurred when varying the relative risk due to food fortification (S13/S14; 110 % increase in net savings/ − 143 % decrease in net savings). Applying modified fracture incidence rates (S9/S10) resulted in a change in the annual net savings of −34 % and 34 %, respectively. Assuming the same treatment effect for men as for women (S15) increased the annual net savings by 33 %. The sensitivity analysis also showed that reducing the adherence level to 50 % (S16) reduced the annual net savings by −44 %, while increasing the adherence level to 100 % (S17) increased the net savings by 25 %. The results appeared to be largely insensitive to variations in the cost parameters (S1/S2 and S7/S8) and changes in fortification levels for both cholecalciferol (S3/S4) and Ca (S5/S6).
Discussion
Summary of results and comparison with the literature
The present study suggests that a population-wide voluntary vitamin D and Ca food-fortification programme would save the German health and social care systems approximately €315 million per year by helping to prevent osteoporotic fractures in the female population aged 65 years and older. The study also finds that the annual cost savings would increase by 20 % by the year 2050, driven by an ageing population. These results could be useful for health policy makers especially in Germany given the high prevalence of vitamin D and Ca deficiency, the projected increase in the incidence of osteoporotic fractures and the growing importance of economic evaluations in public health decision making (24) . At the same time, our study's approach may serve as a blueprint for similar evaluations in other countries that face similar problems.
Our results are in line with previous findings from Grant et al., who concluded that a vitamin D food-fortification programme is a prevention strategy that would save significant costs (52) . We estimated a benefit-cost ratio of 9:1 for Germany, while Grant et al. projected a benefitcost ratio of 20:1 for the European scenario (52) . The significantly higher benefit-cost ratio estimated by Grant et al. may be explained by the fact that they also considered the cost savings from the prevention of nonskeletal diseases like cancer, CVD, diabetes mellitus and infectious diseases. In contrast to their approach, we focused only on the potential cost savings from prevented osteoporotic fractures. We adopted this conservative approach because the role of vitamin D and Ca in musculoskeletal health is well recognized (6) , whereas the association of vitamin D status with non-skeletal diseases including cancer (53) , CVD (54) , diabetes mellitus (55) , etc. is based largely on observational and ecological studies (56) , with only few randomized controlled trials and metaanalyses on which to base economic evaluations (52, 57) . Including potential benefits from the prevention of nonskeletal diseases would make the fortification approach even more beneficial. According to Zittermann, the overall cost savings for Germany when non-skeletal diseases are included would be €37·5 billion per year (58) . The intervention costs are mainly comprised of the cost of cholecalciferol and Ca. However, our sensitivity analysis showed that the results are largely insensitive to changes in the prices and fortification levels of cholecalciferol and Ca (Fig. 1) because the total annual intervention costs of €41 million are low compared with the total estimated cost savings of €356 million per year. Therefore, changes in any of the cost categories have little effect. The limited intervention costs are driven primarily by the low prices for cholecalciferol and Ca. There are two reasons for the significant price difference to retail prices. First, cholecalciferol and Ca would be purchased in a raw material form that is needed for industrial food processing. Second, the raw materials are purchased in large quantities to supply the entire German population. The food-fortification strategy would probably not be cost saving if retail prices were used for the intervention cost calculation instead, as is often done in evaluations of supplementation strategies (24, 59, 60) . The estimated investment in marketing and education activities of €3·3 million per year might be considered too low in the context of a Western country, especially since raising consumers' awareness to ensure their acceptance is central to the success of a food-fortification programme (40) . However, €3·3 million per year is the longterm average spending for marketing and education. While the required investment in consumer education might be significantly higher directly prior to and after programme implementation, it is likely to decline once acceptance of the fortified foods is established. Moreover, in light of the large potential for net savings (€315 million annually) there is significant room to increase the average spending for consumer education without changing the positive benefit-cost ratio of the food-fortification strategy.
Many food companies have shown increasing interest in participating in the rapidly growing market of functional foods (61) . The opportunity to fortify foods with vitamin D and Ca would open the window for the introduction of new functional food products and would offer new sales and marketing opportunities for the food industry (61) . Therefore, chances are high that a large part of the cost of the ingredients cholecalciferol and Ca would be covered by the food industry, which would make the intervention strategy even more favourable from a public health system perspective. Adverse effects Before undertaking a vitamin D and Ca food-fortification programme, policy makers should take into consideration the potential for adverse health effects from excessive intake of vitamin D-and Ca-fortified food. The primary concern in the case of excessive vitamin D intake is the risk of hypercalcaemia as a consequence of vitamin D intoxication (62) , but most cases of vitamin D toxicity occur at serum 25-hydroxyvitamin D levels of more than 500 nmol/l (62) , which are highly unlikely to happen at the programme's target fortification levels (13, 44) . As for Ca, there is ongoing controversial discussion about the increased risk of CVD from excessive Ca intake (41, 63, 64) , but the likelihood of excessive intake from Ca-fortified food is relatively low (14) . Liberal fortification practices have been in place in a number of countries for many years with no reported adverse health effects (65) . In addition, Flynn et al. showed that, even in the small proportion of individuals who exceed the UL for vitamin D and Ca intakes, there is little risk of adverse effects (66) (67) (68) . The vitamin D and Ca fortification levels in our study comply with the recommendations of the DVO (additional daily cholecalciferol intake of 20 µg (800 IU) and total daily Ca intake of 1000 mg) (41) and were chosen such that the total daily vitamin D and Ca intakes of the German adult population would remain well below the critical thresholds of 100 µg (4000 IU) (41, 69) and 2500 mg (43) , respectively. There would also be very limited risk of exceeding the UL in population groups like infants aged 12 months and younger (UL: 25 µg (1000 IU) for vitamin D and 1000 mg for Ca), young children aged 1-10 years (UL: 50 µg (2000 IU)/2500 mg), and pregnant and breastfeeding women (UL: 100 µg (4000 IU)/2500 mg) (42, 43, 69, 70) . In light of the discussion about the potential for increased risk of CVD (64) , we refrained from choosing higher Ca fortification levels than were necessary to fulfil the DVO's recommendations for daily intake (41) . Should future research provide evidence that higher Ca intake levels are safe and conducive to reducing the risk of fracture further, an increase in the Ca fortification level could be considered without influencing the economically positive character of the food-fortification strategy. For example, our sensitivity analysis shows that a fortification level of 1000 mg (five times the currently chosen fortification level) would reduce the annual net cost savings by −30 %, but the strategy would remain cost saving. In summary, population-wide vitamin D and Ca food fortification at the proposed fortification levels carries only limited risk of adverse effects (52, 67, 68) .
Design of intervention strategy
Alternative intervention strategies Food fortification provides a valuable alternative to lifetime supplementation as a preventive strategy to control vitamin D and Ca deficiency in an entire population (38, 71) .
A number of arguments speak in favour of the foodfortification strategy. First, supplementation for the entire population is difficult to implement logistically (10) . Second, there is a lack of medication adherence in the case of long-term treatment, as many studies of chronically ill infants and adolescents have shown (72) . Third, in times of economic constraint, physician visits and the prescription of supplements at retail prices for the entire population would impose a substantial financial burden on the German health-care system. While supplementation remains an effective measure for ensuring the vitamin D and Ca supply of risk groups (73) , food fortification is more suitable for ensuring a basic supply of vitamin D and Ca for the entire German population (71, 74) .
Characteristics of the food-fortification programme Some may argue that a mandatory food-fortification programme would be more effective than a voluntary programme because it would ensure a higher adherence level of close to 100 %. In fact, our sensitivity analysis showed that 100 % adherence would increase the cost savings by a fifth (Fig. 1) , which speaks in favour of a mandatory approach. However, the downside of a mandatory intervention is that it is a much stronger regulatory intervention, which results in a loss of consumer choice (75) . Health policy makers would have to consider the negative utility impact of such loss of consumer choice when defining the regulatory characteristics of a foodfortification programme (75) . Two other arguments that speak in favour of a voluntary approach are that voluntary fortification practices have successfully improved the intake and status of various micronutrients in population groups across Europe (76) and that the large majority of German consumers would be willing to consume vitamin D-fortified food (40) . Therefore, a voluntary fortification programme is a viable alternative to a mandatory approach.
Another frequently discussed characteristic of fortification programmes is the amount and type of carrier products used. We selected bread as an exemplary single carrier product, because bread fulfils the essential requirements of a suitable carrier (44) . First, bread is homogeneously consumed across all social classes and age groups and shows no declining consumption in the elderly, which is especially important in the case of osteoporosis prevention (12, 44) . Second, bread is not a peak product as it is consumed constantly throughout the year (12) . Third, the technical implementation and subsequent monitoring of flour fortification are feasible and practicable (77, 78) . The arguments in favour of fortifying at low concentration a wide variety of foods suggest that this approach minimizes the share of non-consumers (e.g. because of intolerance of a specific food or ingredient, or people following special diets such as vegans) (14, 36) and reduces the risk of intoxication (44) . A variety of foods are available for vitamin D and Ca fortification in Germany, including milk and juice, which have already successfully been fortified with vitamin D and Ca (36, 45, 48, 76) . Even if the cost of ingredients and fortification increased in the case of alternative carrier products, the principal advantages of the programme in Germany would remain unchanged, as our sensitivity analysis shows that changes in cost have little influence on the results (Fig. 1 ).
Limitations and future research
There are a number of limitations to the approach adopted in our study. First, our study focused on potential cost savings from the prevention of fractures in the female population aged 65 years and over in Germany, although there are several other benefits associated with increased vitamin D and Ca levels, but evidence for these benefits is currently limited (52) . The exclusion of other benefits may have underestimated the potential cost savings, so the base case results are conservative. Should future research substantiate the relationship between vitamin D and Ca levels and the incidence of other diseases, those diseases could be included in the calculation of potential cost savings.
Second, the fracture risk reduction from vitamin D and Ca intervention was derived from a Cochrane review from Avenell et al. (13) . However, evidence of the extent of the risk reduction varies (13, 79) . There is a clear need for future research in this direction, especially in the form of multicentre randomized controlled trials (52, 80) . Third, we did not include any adverse effects. Even though there is only limited risk of adverse effects (52, 67, 68) , their incidence would increase costs and result in the base case's results being overestimated.
Fourth, we used an adherence level of 82 % for the base case reported in Sandmann et al. (40) . However, this value is hypothetical and may not translate into real adherence, so real adherence levels could be lower or higher (40) . Therefore, this assumption may overestimate or underestimate the potential cost savings of a voluntary fortification programme.
Fifth, we did not consider indirect costs in our analysis of fracture-related unit costs, as we assumed that no productivity loss is incurred because most of the target group is no longer employed. While this assumption may hold true for the majority of the German population aged 65 years and older, some in this group (e.g. self-employed workers) might still be working. Therefore, indirect costs may be incurred as a result of a fracture that are not considered in our study, and the potential cost savings may be underestimated.
Sixth, we selected bread as an exemplary carrier product for vitamin D and Ca food fortification. However, consumers' acceptance of fortified foods also depends on the type of food carrier (71, 81) . Future research should determine which food products would see the highest level of acceptance as a carrier for vitamin D and Ca in Germany (40) . Seventh, we did not account for overage of manufacturers in the bread production process and food waste by retailers as such data were not available. Such practices increase the amount of ingredients required and result in additional costs. Not considering these costs may have resulted in overestimating the potential cost savings.
Conclusions
Our findings indicate that vitamin D and Ca food fortification is an economically beneficial preventive health strategy that has the potential to reduce the future health burden of osteoporotic fractures in Germany. The intervention would cost little while offering substantial cost savings for the German health and social care systems. The implementation of a vitamin D and Ca foodfortification programme should be a high priority for German health policy makers.
